3+2] cycloaddition reaction of C-(pyridin-3-yl)-N-phenyl nitrone and 2-propen-1-ol yields stereochemically defined potent antinociceptive isoxazolidine derivative. Computational Quantum calculations (CQC) are performed for this synthesis to predict the polar character, mechanism and selectivity within the framework of molecular electron density theory (MEDT). Topological analysis of the Electron Localization Function (ELF) classifies the nitrone as a zwitter-ionic(zw-) type three atom component (TAC) showing absence of any pseudoradical or carbenoid centre. Four reaction channels corresponding to the possible regio-and stereoselective pathways are studied at DFT/B3LYP/6-311G(d,p) level of theory. The reaction follows one-step mechanism with asynchronous transition states and the computed activation energies agree well with experimental data. The reaction can be differentiated into nine ELF topological phases, with faster C-C bond formation. Global electron density theory (GEDT) at the favoured transition state and Conceptual Density Functional Theory (CDFT) indices at the ground state of the reagents indicate non-polar character. Non-covalent interactions are predicted by Atoms-in-molecules (AIM) analysis and non-covalent interaction (NCI) plots at the transition states.
INTRODUCTION
Isoxazolidine moeity forms the core of several biologically active compounds showing antibacterial, antiviral, anticancer and antiinflammatory activities 1 . Structure and stereochemistry of a drug plays a decisive role in its biological activity. Thus, synthesis of a biologically active compound should involve proper regio-and stereochemical control to yield the target isomer. This control is the outcome of lowered activation energy barrier along the favored approach mode, leading to feasibility of the targeted synthesis. [3+2] cycloaddition reactions 2 (32CA) remain a versatile protocol for the regio-and stereochemical synthesis of isoxazolidine systems.
Molecular electron density theory 3 (MEDT) proposed by Domingo in 2016 states that change in electron density is responsible for molecular reactivity in organic reactions. This theory has been widely illustrated for 32CA reactions [4] [5] [6] as well as for other processes, for which one-step "pericyclic mechanism" has been earlier postulated such as Diels Alder reactions 7, 8 , thermal elimination reaction 9,10 , [3, 3] sigmatropic shifts 11 etc. Initially, topological analysis of the Electron Localisation Function 12 (ELF) and detailed analysis of conceptual density function theory (CDFT) indices 13 at the ground state of the reagents is performed within MEDT. The ELF concept 12, 14 provides an appealing procedure to establish a straightforward connection between the chemical structure and electron density distribution in molecular systems. Core basins are associated with the nuclei. Monosynaptic basins, denoted by V(A), are associated with nonbonding regions (lone pairs and pseudoradical centers) and disynaptic regions, denoted by V(A,B) are associated with the bonding region between A and B. ELF valence basin populations can be used to recover the Lewis bonding model and provide a reasonably suggestive chemical representation of the molecular system. Topological analysis of the ELF and visualization of ELF localisation domains has been employed in several MEDT studies [4] [5] [6] to analyse the reactivity of three-atom components [4] [5] [6] (TACs) participating in 32CAs. This has allowed the classification of TACs into pseudodiradical 15 (pdr-) type, pseudo(mono)radical 16 (pmr-) type, carbenoid 15 (cb-) type and zwitter-ionic 5, 6, 17 (zw-) type. Monosynaptic V(A) basin intergrating at a population of less than 1e is associated with pseudoradical center, while that integrating at a population of 2e in neutral molecules is associated with carbenoid centre. TACs with one pseudoradical center are classified as pmr-type, with two pseudoradical centers as pdr-type and with a carbenoid centre as cb-type. The activation energies of TACs follows the order 6 , pdr-type<pmr-type≈cb-type<zw-type.
Detailed exploration of the potential energy surface (PES) associated with all possible approach modes is done to study the energy profile, followed by calculation of global electronic flux at the transition states in terms of Global Electron Density Transfer 18 (GEDT) to predict the polar character. GEDT is calculated by the natural bond orbital analysis 19, 20 of the two reacting frameworks at the most favourable transition state. GEDT values less than 0.2e are associated with non-polar reactions, while polar 21 processes are associated with GEDT values higher than 0.2e 18, 21 .
The topological analysis of the ELF along the intrinsic reaction coordinate 22 (IRC) pathway, is done to analyze the complete reaction course with a clear idea of the bond-breaking and bond making processes (Bonding Evolution Theory 23, 24 (BET) study)). Finally, the covalent/non-covalent interactions at the O n L i n e F i r s t interatomic bonding regions are analysed by the calculation of Quantum Theory of Atoms in Molecules 25, 26 (QTAIM) parameters and visualization of Noncovalent interaction 27 (NCI) gradient isosurfaces.
The present investigation reports MEDT study at DFT/B3LYP/6-311G(d,p) level for the synthesis of a regio-and stereochemically defined isoxazolidine nicotine analogue from [3+2] cycloaddition reaction of C-(pyridin-3-yl)-N-phenyl nitrone to 2-propen-1-ol. This biologically active cycloadduct was synthesized in 2014 1, 28 and shows potent antinociceptive properties, greater efficacy than pentazocine and high tolerability. It is safer than nicotine for mitigation of analgesic states. The present investigation aims to present a complete theoretical rationalization for the synthesis.The study has been divided into five sections (1) Topological analysis of the ELF at the ground state of the reagents (2) Analysis of CDFT indices (3) Location of transition states along all possible approach modes, study of the energy profile and GEDT (4) ELF topological analysis along the IRC pathway of the favoured transition state (5) Study of the interactions at the interatomic bonding region by QTAIM and NCI studies COMPUTATIONAL METHODS Density functional theory (DFT) calculations were carried out using B3LYP functional 29, 30 in conjunction with the 6-311G(d,p) basis set. The optimized geometries were then characterized at the same level to ensure that the reactants and products do not have any imaginary frequency and the transition states have one and only one imaginary frequency. The intrinsic reaction coordinate (IRC) pathways of the investigated CAs were traced using the second order Gonzales-Schlegel integration method 22 . The global electron density transfer (GEDT 18 ) was computed by the sum of the natural atomic charges (q), obtained by a Natural Population Analysis 19, 20 (NPA). Conceptual DFT (CDFT) global reactivity indices 13, 31 i.e. electronic chemical potential 32 (μ), global hardness 33 (η) and global electrophilicity 34 (ω) and Nucleophilicity index 35 (N) are calculated as proposed in reference 13 13 . Solvent effects in toluene were taken into account by optimization of the stationary states using conductor like polarizable continuum model 36, 37 (PCM). Thermodynamic parameters were calculated in toluene at 383 K (refluxing toluene temperature). Computational studies were performed using Gaussian 03 suite of programs (Revision D.01) 38 . ELF topological studies and calculation of QTAIM parameters was performed using Multiwfn 39 program. Non-covalent interactions 22 (NCIs) were analyzed through evaluation of the B3LYP/6-311G(d,p) monodeterminantal wave functions of the located transition states by using Multiwfn program 39 . ELF basin analysis was performed with high quality grid with spacing 0.06 Bohr. ELF attractor images were visualized using VMD software 40 and UCSF Chimera software. 41 Two V(O1) and V'(O1) monosynaptic basins integrating a total population of 5.90e can be associated with the lone-pair electron density of O1 oxygen. Absence of any pseudoradical centre (monosynaptic basin with total integrating population less than 1e) or carbenoid centre (monosynaptic basin with total integrating population of 2e in neutral molecules), instead a C3-N2 double bond in nitrone 1 indicates its zwitter-ionic electronic structure and hence its participation in zw-type 32CAs only, which are associated with high energy barriers. This was evident from the calculated activation parameters (see later). After establishment of the bonding pattern, the charge distribution was analyzed for 1 and 2 through natural population analysis (NPA 19, 20 ) . O1 of 1 is negatively charged by -0.53e (see Fig.2 ), while N2 nitrogen and C3 carbon atoms show negligible charges of 0.01e and 0.09e respectively (see Fig.2 ). 
RESULTS AND DISCUSSION

O n L i n e F i r s t
This natural charge framework and the calculated dipole moment 2.97 D indicates a charge separation in this TAC, making it a dipolar species. However, the charge separation is not as expected from Lewis bonding model. Thus, the observed charge distribution results from the asymmetric electron density delocalization, which arises due to the presence of different nuclei in a molecular system and not as a consequence of the resonance Lewis structure. ELF topological analysis of olefin 2 shows the presence of two V(C4,C5) and V'(C4,C5) disynaptic basins integrating a total population of 3.44e, which can be associated with an underpopulated C4-C5 double bond. C5 shows greater negative charge compared to C4 (see Fig.2 ), which accounts for the influence of hydroxymethyl substituent in 2-propen-1-ol.
Analysis of CDFT indices
DFT based reactivity indices have been employed to understand the reactivity of chemical reactions in several studies 13 . Thus, these indices (listed in Table 1 ) are computed and analyzed at the ground state of the reagents. CDFT indices of 1, C-(pyridin-2-yl)-N-Phenyl nitrone and C-(pyridin-4-yl)-N-Phenyl nitrone slightly differ from each other, which suggests that the position of pyridine nitrogen in the C-aryl substituent induces no changes in the global indices. The electronic chemical potential, μ of nitrone 1 (μ = -4.07 eV) shows minimal difference from that of 2 (μ = -3.58eV) indicating negligible transfer of electron density. This is also indicated by the calculated GEDT at the most favourable transition state (see later), suggesting a non-polar character. The electrophilicity index, ω, value of 1 classifies it as a strong electrophile (ω > 1.50 eV) within the electrophilicity scale 34 , while 2 is classified as moderate electrophile with 0.80 eV < ω < 1.50 eV. 1 is classified as a strong nucleophile 35 with N > 3 eV, while 2 as a moderate nucleophile. Study of the energy profile associated with the 32CA between 1 and 2 32CA reaction between 1 and 2 involves two possible regioisomeric reaction paths, labeled, ortho and meta, associated respectively with the formation of O1-C4 and O1-C5 bonds of the isoxazolidine system (see Fig.3 ). Two diastereofacial isomeric reaction paths, labeled endo and exo are associated with these two reaction paths, thus allowing the search for stationary points along O n L i n e F i r s t these four possible approach modes. This allowed the location and characterization of four TSs, denoted by TSox, TSon, TSmx and TSmn, associated respectively with the ortho/exo, ortho/endo, meta/exo and meta/endo pathways and the corresponding cycloadducts, denoted by CAox, CAon, CAmx and CAmn. This 32CA follows one-step mechanism. For each pathway, pre-reaction molecular complexes were formed in the first reaction stage, before the formation of TS. Such molecular complexes have been recently detected for 32CAs of disubstituted nitrones [42] [43] [44] . The molecular complexes (MCs) for present study were found to be enthalpic in nature with ∆H values of -6. The gas phase activation energy of TSox is lowered than that of TSon, TSmx and TSmn by 1.5, 0.8 and 2.3 kcal mol -1 . Inclusion of solvent effects in toluene amounts these differences to 1.6, 1.4 and 2.4 kcal mol -1 respectively. Thus, the computed activation energies account for the experimentally observed 1 O n L i n e F i r s t 75% yield of CAox in toluene 1 . The reaction is exothermic with ∆H values in the range -13.7 to -16.5 kcal mol -1 in gas phase and -12.3 to -15.1 kcal mol -1 in refluxing toluene (383 K) (see Table 2 ). The activation enthalpy of TSox is less than that of TSon, TSmx and TSmn by 1.5, 0.7 and 2.2 kcal mol -1 in gas phase and 1.5,1.4 and 2.3 kcal mol -1 in toluene (383 K) respectively(see Table 2 ). Inclusion of entropies to enthalpies strongly increases the activation Gibbs free energies by between 13. and is less than that of TSon, TSmx and TSmn by 1.6, 2.5 and 2.5 kcal mol -1 predicting formation of ortho/exo adduct as the kinetically controlled product. These activation parameters suggest that this 32CA is regioand stereoselective, but not regio-and stereospecific. The reaction is kinetically controlled and the reaction channels other than the favored ortho/exo mode are not forbidden from kinetic point of view. Complete regio-and stereoselective 32CA is only possible in case of strong electron withdrawing activation of the ethylene derivative and unequivalent screening of reaction centers in the nitrone molecule. Experimental studies of such fully regio-and stereoselective 32CAs have been recently reported by Jasiński et al. 45, 46 The optimized gas phase geometries of four TSs are given in Fig. 4 . At the ortho TSs, the lengths of O1-C4 and C3-C5 forming bonds are 2.14 and 2.15 Å at TSox and 2.18 and 2.13 Å at TSon, which suggests very low asynchronicity in the bond formation process. This is also indicated by the ELF topological study (see later), when the O1-C4 and C3-C5 bond formation takes place within a short interval along the IRC coordinate. These forming bond distances in the range 2.08 Å-2.18 Å indicate that the formation of two new O1-C4 and C3-C5 single O n L i n e F i r s t bonds has not yet begun in any of these TSs. This was also evident from the ELF topological analysis and calculated QTAIM parameters (see later). Finally, the polar nature of this 32CA reaction was analyzed by GEDT calculations at the TSs. Reactions with GEDT value of 0.0e are non-polar, while GEDT values higher than 0.2e are associated with polar processes. For this 32CA, GEDT values of 0.07e-0.08e at the TSs imply a non-polar character, which is in complete agreement with the minimal differences of electronic chemical potentials at the ground state of the reagents (see Table 1 ). Fig. 4 . B3LYP/6-311G(d,p) optimized gas phase transition states
ELF topological analysis of the C-C and C-O bond formation processes
The C-C and C-O bond formation processes were characterized by ELF topological analysis along the IRC pathway of the most favourable ortho/exo reaction mode to identify the structures directly involved in the bond formation process. ELF basin populations at the most relevant IRC points are given in Fig. 5 . 1. 32CA reaction between C-(pyridin-3-yl)-N-phenyl nitrone (1) and olefin 2 can be divided into nine phases (shown by nine different colours in Fig. 5 ) on the basis of calculated ELF basin populations. Eight IRC points denoted by P1, P2, P3, P4, P5, P6, P7 and P8 are identified to mark the genesis of a new phase along the reaction pathway (see Fig. 5 ). The basin attractor positions at these points with most significant valence basin populations at these points are shown in Fig. 6 can be associated with the formation of pseudoradical centre at C5, which derives electron density from the disynaptic V(C4,C5) basin, thereby drastically decreasing its electron density from 3.14 to 2.87 e at P4. TSox belong to the same phase as P4, which indicates that C-C and C-O bond formation has not yet begun at TSox, that is also evident from the forming bond lengths (see Fig. 4 ) at the optimized transition state geometry. 6. Point P5 with dC4-O1 = 1.99 Å and dC3-C5 = 1.93 Å is associated with the formation of disynaptic V(C3,C5) basin integrating at basin population 1.28 e, which can be associated with the formation of C3-C5 bond. 7. Point P6 with dC4-O1 = 1.98 Å and dC3-C5 = 1.91 Å is associated with the formation of monosynaptic V(C4) basin integrating at basin population 0.13 e can be associated with the formation of pseudoradical centre at C4, which derives electron density from the disynaptic V(C4,C5) basin, thereby decreasing its electron density from 2.54 to 2.40 e.
O n L i n e F i r s t 8 . At P7, with dC4-O1 = 1.79 Å and dC3-C5 = 1.71 Å, the monosynaptic V(C4) basin is no longer visible, instead, there is abrupt increase in the V(O1)+V'(O1) basin population (see Fig. 5 ). 9. Point P8 with dC4-O1 = 1.74 Å and dC3-C5 = 1.67 Å shows the formation of disynaptic V(C4,O1) basin integrating at basin population 0.69 e, which can be associated with the formation of C4-O1 bond. 
O n L i n e F i r s t
Identification of interactions at the inter-atomic bonding regions by QTAIM & NCI studies
Baden 25 proposed that atomic interactions present in molecular systems can be identified, assessed, and characterized by the gradient (r) and the Laplacian Table 3 . 
O n L i n e F i r s t
In each of the TSs, the Laplacian  2 (r) shows positive value, which indicates non-covalent interaction at the interatomic bonding region. This is in complete agreement with the ELF topological study, which suggests that no bond formation has begun at the transition state TSox. The contour line maps of the Laplacian  2 (r) along the ortho/exo pathway at the representative IRC points of different ELF topological phases are shown in Fig. 8 . Earlier C3-C5 bond formation is predicted at P5, which agrees well with the ELF study showing the formation of disynaptic V(C3,C5) basin at P5. The formation of C4-O1 bond takes place at P8, which is also in complete agreement with the ELF topological analysis. NCI plot 27 is an approach based on the electron density and its derivatives to map and analyse bonding noncovalent interactions in molecular systems. Large negative values of sign (λ2)ρ indicate attractive interactions such as dipole-dipole or hydrogen bonding, while large positive values of sign (λ2)ρ indicate that the interaction is nonbonding. Weak, van der Waals interactions are indicated by near zero values of sign (λ2)ρ. NCI gradient isosurfaces at the transition states are shown in Fig. 9 . The C4-O1 and C3-C5 bonding regions show red and blue portions corresponding to the non-covalent interactions present at the interatomic bonding regions. The visibility of non-covalent attractive overlap at these regions is in complete agreement with the calculated QTAIM parameters and also agrees well with the GEDT & CDFT predictions suggesting non-polar character of this 32CA reaction. [3+2] cycloaddition reaction of C-(pyridin-3-yl)-N-phenyl nitrone to 2-propen-1-ol is regio-and stereoselective with the lowest activation energy barrier calculated for ortho/exo reaction pathway. This is in conformity with the experimental findings. The global electron density transfer and minimal differrence in electronic chemical potentials of the reactants predict non-polar character of the reaction. One-step mechanism with asynchronous transition state is predicted. Topological analysis of the ELF along the IRC pathway shows coupling of pseudoradical centers to form new C-C and C-O bonds, with the faster C-C bond formation in agreement with the calculated QTAIM parameters and Non-covalent Interaction (NCI) plot of the transition states. Early transition states involving no C-C or C-O bond formation are predicted along each approach mode of this cycloaddition.
SUPPLEMENTARY DATA
Optimized geometries and total energies of the reactants, products and transition states are available electronically at the pages of journal website: http://www.shd.org.rs/JSCS/, or from the corresponding author on request. 
